We have observed a apparent rotational anisotropy of the second harmonic generation (SHG) signal at A =405 nm back-reflected from the surface (0001) of 3 ,um-thick GaN grown by metalorganic chemical vapor deposition (MOCVD).
INTRODUCTION
Nonlinear optical properties such as the second harmonic generation (SHG) have a great potential to be efficiently employed in material characterization techniques and recently was applied for confocal mapping of GaN Method of SHG in reflection relies on anisotropy measurements of the reflected SH intensity as the crystalline surface is rotated around its normal. This anisotropic signal is directly related to the projection of the structural symmetry of the crystal face, and therefore is particularly sensitive to any modification of the structure.
As we reported earlier, the topology of the metalorganic chemical vapor deposition (MOCVD) grown layers2'3 was found related with the excitonic and defect-related photoluminescence.4 Also, the surface ablation was proposed for surface processing.5 '6 Our aim was to demonstrate the possibilities of combined SHG mapping and space-timespectra resolved photoluminescence measurements to characterize as grown and laser treated surfaces. We propose a versatile setup, which allows to accomplish all these measurements. Femtosecond (fs) pulses were directed to the sample by means of optical microscope obtaining 1um-scale spatial resolution while sacrifying a time resolution down to 1 ps. 3) and x40 (NA = 0.55) objective lenses. Pulse intensity was calculated using energy of 1 pJ and 120 fs pulse duration (FWHM value) and non-linear light propagation effects were not considered.
EXPERIMENTAL
Scheme of ,am-PL and ,um-SHG measurements in back-reflected geometry is given in Fig. 1(a) . Typical GaN layer grown by MOCVD on sapphire is depicted in Fig. 1 The spectra in 500-600 nm band is due to the defect-related, so called, Y-band FL. Different intensity of SHG is partially caused by the spectral profile of transmission of the dihroic mirror and its absorption filter.
(b,c) Light intensity map recorded in 360-500 nm spectral window. 6-jim-thick GaN surface was laser ablated by 800 nm (150 fs) shots in a multi-shot irradiation (b) and in a single shot per damage (marked by dashed circles in (c)). Pulse intensity was at 3x LIDT for single pulse. Recorded intensity was mainly due to the SHG (at 385 am) of excitation, which was at 770 nm. Scale bars, 2 tm. 
RESULTS AND DISCUSSION 3.1. Second Harmonic Generation from the Buffer Layer of GaN
The wurtzite phase of GaN belongs to the noncentrosymmetric space group C6, .The hexagonal crystal structure is optically uniaxial, with the bulk SHG allowed in the electric dipole approximation. The rotational anisotropy of the SH intensity I(2')('t/4 is determined by the second-order nonlinear susceptibility tensor and can be expressed in the electric dipole approximation by a truncated Fourier expansion in b, yielding I(2w)() oc: x2EEI = Icmcos(mL')I2I" (1) Here, Cm are complex Fourier coefficients, b is the azimuthal angle of rotation around the surface normal, E(w) and 1(w) indicate the electric field and intensity of the optical excitation at the fundamental frequency w. For a material with the 6mm symmetry, there are two independent components of the second-order nonlinear susceptibility tensor at wavelengths far from any resonance, i.e., and
This implies the effective is only a function of angle 0 between the internal propagation direction and the symmetry axis of the crystal. Consequently, in case (0001) surface is rotated around its normal, the angular behavior of SH intensity 1(2w) (sb) is supposed to come out isotropic.7'8 This was confirmed experimentally, when the focal point was located on the front surface of GaN (Figs. 2, 3(a) ). When scanned over the laser ablated pattern recorded on the GaN surface, the signal of SHG was forming the images like those depicted in Fig. 2(b,c) . Also, we have observed an apparent rotational anisotropy of SHG signal at ,\ = 405 nm back-reflected from the surface (0001) of 3 1ttm-thick GaN grown by MOCVD. The focusing depth of 2 ,am was aimed to probe the ca. 15 nm-thick buffer layer where both cubic and hexagonal phases of GaN are coexisting. Typical angular dependency is presented in Fig. 3 , clearly indicating presence of both isotropic and six-fold contributions. The isotropic 1(2w) () component has a minor one-fold modulation due to a ca. 2°d isorientation of the top surface with respect to the hexagonal plane (0001). We attribute the substantial isotropic component to the SHG yield from the bulk. The occurrence of six-fold j(2w) (b) anisotropy, however, indicates a complementary nonlinearities, most likely due to the presence of different phases of GaN. In general, both surface and bulk nonlinearities are contributing to the reflected SH yield. The symmetry of surface can differ from that in the bulk, exhibiting a corresponding angular dependence of harmonic generation. In fact, for crystals of zinc-blende structure such as the cubic GaN, the tensor is known to consist of only one independent anisotropic component (a) dependence. Since the bulk of the GaN layers is known to consist of hexagonal phase, the presence of rotational anisotropy is attributable to the cubic phase of GaN, which is present in the buffer layer9"° (there was no anisotropy observed in SHG from the surface of sapphire ( Fig. 3(a) )). The dynamic range of SHG dependency on the intensity of incident radiation did not allowed to measure the deviation from the second-order power law. It is expected that cascading second order nonlinear interaction11'12 might be present and could change the obeyed second-order power law.'3 Namely, the third order nonlinearity can be generated via cascade optical rectification and linear electro-optic effect: x2(O; w, -w):x(2)(-w; w, 0). Thus, an experimental observation of effects related to the Kerr nonlinearity could eventually answer the question, whether the cascaded second order processes are relevant to a surface SHG in GaN.
Photoluminescence mapping of InGaN and GaN/InGaN MQW
PL mapping has complimentary versatility in surface characterization to that of SHG mapping. The surface scan of InGaN layer is shown in Fig. 4 , where AFM structure was found corresponding to that in PL map. Open-core dislocations were triggering the faster growth, what, in turn, caused pillar-like surface roughening of the final layer. PL spectra measured from the spot (1 um in diameter) centered on the dislocation pillar was found blue-shifted from that measured on the dislocation-free spot Fig. 4(c) . Moreover, the setup employed allowed us to measure PL maps at different spectral positions using near-field optical scanning microscopy (NSOM) approach (Fig. 5) . Again, the excitonic PL was found mainly originating on the pillars, while the defect related, so called, Y-band PL was detected from all the area with spatial distribution not correlated to the surface topology.
Along with a PL mapping the time decays of PL was measured locally from the spot size of ca. 1-2 1um. The structures under investigations were MQWs of InGaN/GaN.4 PL decays were found single exponential and the linear recombination time was larger in the MQW structures, which had no phase-separation ( Fig. 6(a) ) and Y-band defect related PL centered at 550 nm was longer than exitonic transition lifetime (Fig. 6(b) ). In addition, we found that the 5-fold increase of excitation intensity did not changed single-exponential behavior of excitonic PL (at least latter in time than 150 ps after excitation). This can be understood by simple deep-trap-mediated PL model, in which 
Observation of dislocation network in GaN layer by guiding mode
High refractive index of GaN n 2.4 at 500-600 nm opens the possibility to image the homogeneity of layer by the waveguiding (Fig. 7) . The part of PL excited by TPA is launched into the guiding mode by total internal reflection. The image of GaN layer observed in microscope is created by the light scattered mainly by dislocation network of the layer. The images formed by guided PL were found correspoiidiiig to those made by cathodoluminescence (CL). Strong CL signals observed at the surface-ablated patterns of GaN layers can thus be explained by the mechanism of waveguiding rather than by the CL originating at the ablation induced defects around ablated region. Spatial resolution of this kind of imaging is defined by the wavelength of PL and by an optics of imaging. In case of lOOx magnification objective lens with NA = 1.35 and ) = 400 nm the resolution can reach O.6L.\/NA = 181 nm.
CONCLUSIONS
Here we have demonstrated a setup, which allows a versatile characterization of the CaN layers by means of spacetime-spectra resolved PL and SHG. The imaging of GaN layers by guiding mode of PL and rotational dependencies of SHG from the phase-mixed buffer layer of GaN are reported for the first time.
